Resistance to insulin metabolic signaling in adipose tissue contributes to the lipid abnormalities in obese, hyperinsulinemic, insulin-resistant patients who develop the cardiorenal syndrome. These same metabolic dyslipidemic abnormalities can be found in conditions of caloric energy restriction with decreased adiposity or normal insulin levels, such as anorexia, starvation or non-diabetic kidney disease. In this review, we assess hypoglycemia as an alternative physiological explanation for the biochemical and lipid findings in conditions of insulin resistance (IR). Therefore, PubMed databases were searched for articles on the effect of hypoglycemia and starvation on non-esterified fatty acid (NEFA) elevation and abnormalities in insulin signaling in muscles as well as abnormal kidney metabolism. The search included articles on NEFA and their role in triglyceride (TG) and high-density lipoprotein (HDL) metabolism, as well as kidney and heart disease. Available studies support that hypoglycemia increases NEFA generation from adipose tissue. Elevated levels of NEFA induce increased plasma levels of TG and decreased levels of HDL cholesterol, and may cause direct kidney and myocardial damage. IR of adipose and skeletal muscle tissue, and the elevation in insulin levels in obese, insulin-resistant patients could be explained by an adaptation to their carbohydrate intake. These molecular abnormalities in insulin metabolic signaling can also be found in hypoglycemia or starvation. In conclusion, IR of adipose tissue cannot fully explain the lipid ab- normalities observed in the cardiorenal syndrome. Decreased blood glucose levels (e.g. hypoglycemia) occur frequently in patients at risk for this syndrome. Hypoglycemia-induced increases in NEFA levels can promote lipid abnormalities that contribute to IR and the cardiorenal syndrome.
Introduction
Insulin resistance (IR) has been described as a condition wherein circulating levels of insulin are inadequate to elicit a metabolic response from adipose tissue, skeletal muscle and liver cells as well as other non-traditional insulin-sensitive tissues, such as cardiovascular and kidney tissue. IR is characterized by the presence of elevated levels of insulin (e.g. hyperinsulinemia), impaired glucose tolerance, overweight or obesity, hypertension, and microalbuminuria [1] . These metabolic and hemodynamic abnormalities have been collectively referred to as the metabolic syndrome, and -in association with renal disease -as the cardiorenal syndrome. This syndrome includes a cluster of lipid abnormalities including low fasting high-density lipoprotein (HDL) cholesterol, increased small low-density lipoprotein (LDL) particles and elevated triglyceride (TG) levels. These abnormalities represent a combination of overproduction of very low-density lipoprotein (VLDL) and an increased catabolism of (HDL) apolipoprotein (Apo) A-I particles [2, 3] known to increase the risk for heart and kidney disease (i.e. the cardiorenal syndrome) [4, 5] .
The lipid abnormalities in the cardiorenal syndrome are, in part, the result of resistance of adipose tissue to the action of insulin [1] . Elevated free non-esterified fatty acids (NEFA) have been found to counteract the metabolic action of insulin and are considered to be a factor contributing to the development of IR and associated metabolic abnormalities [6] . Interestingly, there are similarities between the metabolic changes found in IR and the pattern of changes found in other unrelated chronic disease states. These IR-associated disease states include conditions under which insulin levels are usually low or not elevated, e.g. in type 1 diabetes [6] , advanced stages of chronic kidney disease [5, 8] , and starvation [9] [10] [11] . Further, IR is also seen in conditions where body fat is often low, including congenital lipodystrophies [12] , anorexia nervosa [13] , and chronic stress conditions [14] .
Herein, we review the phenomena of lipid abnormalities and IR found in obesity and diabetes as well as conditions such as caloric restriction, kidney disease and the cardiorenal syndrome. Observations of IR and metabolic dyslipidemia in disparate medical conditions suggest that the presence of low glucose levels may be a viable alternative explanation for the occurrence of metabolic dyslipidemia.
Hypoglycemia Promotes NEFA Elevations
Hypoglycemia is a potentially fatal condition that frequently occurs in type 1 and 2 diabetes [15, 16] , but evidence regarding incident hypoglycemia in non-diabetics is somewhat limited. However, there are some data that suggest nocturnal decreases in glucose levels are a common phenomenon even in non-diabetics, evoking a dipping status for glycemia. Studies of glucose levels using continuous glucose monitoring in normal subjects during REM sleep have demonstrated drops in glucose levels of about 6 mg/dl (5%) in normal-and overweight subjects [17] .
Studies evaluating blood glucose patterns and appetite in animals as well as healthy humans have demonstrated that blood glucose is highly controlled and capable of self-regula-tion. Research on appetite, starvation, and acute hypoglycemia suggests that compensatory mechanisms are activated in the presence of reductions in blood glucose levels into the hypoglycemic range [18] . A brief fall and rise in blood glucose of 6% from baseline occurs about 6 min before meal initiation [18] . It is thought that these transient declines have a stronger effect on food-seeking behavior than the absolute blood glucose concentration. In this regard, transient blood glucose concentrations that trigger food-seeking behavior occur at around 75-99 mg/dl in humans [9, 18] . An analysis of plasma substrates preceding meal initiation in rats demonstrates a rise in NEFA ϳ 6 min before meal initiation, which coincides with the nadir of the transient decline in blood glucose [9] . NEFA elevation represents an important mechanism for the reconciliation of energy balance during starvation in normal as well as obese subjects [9, 10] . Studies on the effect of starvation on normal individuals and untreated type 2 diabetic patients support a greater decrease in blood glucose levels in diabetic individuals (17 vs. 6%, respectively) after 5 h of starvation [10] , with a simultaneous increase in NEFA and TG levels in diabetic patients. Other studies of starvation comparing healthy individuals and type 2 diabetic patients demonstrate a significant decrease in blood glucose of 7 and 23%, respectively, with reciprocal increases in TG and NEFA [11] . These data implicate both transient declines in blood glucose levels and associated rises in NEFA as triggers of counter-regulatory mechanisms, including the drive for food ingestion.
There has also been interest in the relative impact of starvation on lipid kinetics in lean and obese subjects. Recent research supports the notion that obese individuals have a higher baseline lipolytic rate and an increased release of NEFA during starvation than lean individuals [19] . Further, studies on insulin-induced hypoglycemia reinforce the concept that NEFA levels decrease initially, reaching a nadir at 30 min that lasts about 90 min, and then increase parallel to enhanced catecholamine release [20] [21] [22] [23] [24] . It appears that blood glucose levels that elicit counter-regulatory hormone release are slightly higher in obese than lean persons. These findings suggest the concept that glucose counter-regulatory systems are involved in the prevention, as well as the correction, of hypoglycemia. Further, activation of these systems at higher levels of blood glucose may contribute to enhanced NEFA release as it relates to obesity-related IR and dyslipidemia in the cardiorenal syndrome [20] .
Even after restoration of euglycemia, enhanced adipose tissue lipolysis exerts long-lasting effects by blunting insulin metabolic actions in numerous tissues [24] . Hypoglycemia promotes a period of IR of 7-9 h where there is reduced insulin action [25] . Additional data further support the fact that acute IR episodes can last up to 18 h after two brief episodes of antecedent hypoglycemia [26] . These effects are induced primarily by counter-regulatory hormones, initially by increased levels of epinephrine and later by elevated levels of growth hormone and cortisol [24, 25] . These hormones act indirectly by activating lipolysis, and by lipolysis-independent mechanism, with resulting increases in endogenous glucose production, suppression of peripheral glucose utilization, and increased oxidation of glucose and lipids [24] .
These data collectively support the notion that hypoglycemia is a common phenomenon underrecognized in obese IR patients at high risk of developing the cardiorenal syndrome. Even modest drops in glucose levels can trigger counter-regulation of hypoglycemia that involves catecholamine release, elevation of NEFA and increased IR.
NEFA Promote Increased TG and Decreased HDL Levels
After a meal, adipose tissue removes TG particles from chylomicrons in the circulation. Lipoprotein lipase (LPL), located in the capillaries of adipose tissue, catalyzes the hydrolysis of TG from chylomicrons and from VLDL to release NEFA and glycerol, which are then stored as TG in adipose tissue [27] . Chylomicrons and endogenous TG-rich VLDL are mixed in blood and compete for LPL for TG removal. LPL-mediated removal of TG particles is limited because it is dependent on a saturation mechanism [28] . Endogenous TG-rich lipoproteins accumulate in the human plasma after oral fat intake [29] . Insulin promotes the transfer of LPL synthesized in adipocytes to adipose tissue endothelial cells, a mechanism inhibited by epinephrine and norepinephrine [30] . LPL is then eventually released into the circulation.
In adipose tissue, endothelial cell LPL activity increases with feeding and declines in the fasting state, while in other tissues, such as cardiac muscles, it increases during fasting or starvation. During fasting, as circulating concentrations of chylomicrons decline, adipose tissue begins to release its stored triglycerides. This process is accomplished by lipases that are distinct from LPL and are found within the adipocytes. The major lipase involved is the hormonesensitive lipase. It is activated in the fasting state by the action of glucagon and catecholamines, actions ultimately opposed by insulin. Due to the action of hormone-sensitive lipase on adipose tissue, glycerol and NEFA are released into the circulation and utilized as energy source by most tissues. A substantial fraction of NEFA will undergo esterification in the liver with the synthesis of TG, a more stable and less toxic form of circulating lipids [31] [32] [33] [34] .
Plasma NEFA are considered to be the major source of VLDL-TG [35] . In humans, acute elevations in plasma NEFA stimulate VLDL production. The most accepted model for fasting hypertriglyceridemia invokes the overproduction of VLDL as a result of increased rates of lipolysis and free fatty acid (NEFA) flux into the liver [35] . VLDL becomes activated after ApoC-II and ApoE incorporation into HDL. Activated VLDL are stripped from TG due to the action of the LPL especially in the muscles, most notably in the cardiac muscle.
The lipid abnormalities observed in obese IR individuals include low levels of ApoA-I, the characteristic component of HDL. NEFA have been found to influence the metabolism of HDL, especially regarding the catabolism of ApoA-I. IR studies have shown that the presence of hepatic overproduction of VLDL together with decreased LPL activity result in expansion of the VLDL-TG pool and enhancement of cholesteryl ester transfer protein-mediated hetero-exchange of neutral lipids among lipoproteins. This leads to increases in HDL-TG concentrations. Subsequent hydrolysis by hepatic lipase results in unstable HDL ApoA-I particles, which are rapidly cleared from the plasma [36] .
Some studies have demonstrated that variation in VLDL-ApoB production, and hence plasma TG concentration, exerts a major effect on the catabolism of HDL-ApoA-I [37] . Isotopic studies found that obese IR subjects have a markedly increased fractional catabolic rate of ApoA-I and, to a lesser extent, increased ApoA-I production, accounting for a net lowering of plasma HDL-ApoA-I concentrations [38] . Other authors have demonstrated that hypercatabolism of ApoA-I has a dominant effect on HDL concentration in patients with obesity and IR [36] . Animal and human kinetic studies have shown that enhanced HDL-ApoA-I clearance is directly dependent on the TG enrichment of HDL and on the activity of hepatic lipase [39] .
In summary, elevated plasma NEFA seems to be a key element causing elevated TG and VLDL as well as decreased HDL levels, a lipid pattern associated with obesity, IR and the development of the cardiorenal syndrome.
Role of Hypoglycemia in IR
There is increasing interest regarding the development of lipid abnormalities in obese patients as it relates to IR and the development of the cardiorenal syndrome. Many of the molecular signaling abnormalities of lipid and glucose metabolism found in IR are similar to those observed during starvation or hypoglycemia. Coupled with increased NEFA levels, these signaling abnormalities have been shown to promote cardiovascular and kidney disease.
Effects of Hypoglycemia on Skeletal Muscles
In skeletal muscles, intracellular glucose phosphorylation is impaired in hypoglycemia as well as more classical IR states. In this regard, there are reductions in hexokinase II activity in starvation as well as obesity and type 2 diabetes [40, 41] . Furthermore, abnormalities in glycogen synthesis with decreased glycogen synthase and phosphofructose kinase activity in muscles have been found during episodes of hypoglycemia as well as IR [42, 43] . Interestingly, recent data suggest that during hypoglycemia skeletal muscle glycogen synthase activity is decreased in diabetics compared to controls [43] . Whether diabetic patients with decreased glycogen synthase activity adapt to repeated episodes of hypoglycemia has yet to be clarified. These data indicate that the counter-regulatory responses to hypoglycemia may be similar in chronic catabolic states and in diabetes.
Role of NEFA in Mitochondrial Dysfunction
The role of mitochondrial dysfunction in IR is currently receiving intense attention as a link between cardiac and renal disease [44] . One unifying concept is the Randle cycle or the competition between glucose and NEFA for oxidation in the mitochondria. NEFA oxidation increases the mitochondrial membrane potential ( ⌬ ⌿ ) with the proton leak, causing reversed electron flow and the production of reactive oxygen species. Thereby, overloading the system with both substrates (NEFA and glucose) contributes to mitochondrial damage (glucose toxicity) [45] . Therefore, it would be expected that several physiological mechanisms should be in place to prevent the entrance of glucose into the cell while there is increased availability of NEFA, as during hypoglycemia.
Insulin Levels and Carbohydrate Intake
Elevation of fasting as well as postprandial insulin levels is common in IR [46] [47] [48] . The assumption is that insulin levels increase to adapt to resistance to insulin metabolic signaling in adipose, liver and skeletal muscle tissue. Yet, there is evidence to suggest that the threshold of resistance to insulin in those tissues is relatively low and this resistance is probably overcome by increased postprandial insulin secretion [7] . It should be noted that insulin secretion can adapt to carbohydrate and protein intake. Pancreatic ␤ -cells have the capacity to adapt insulin secretion to increases or decreases in carbohydrate intake [48] . A significant increase in ␤ -cell proliferation after 48 h of glucose/insulin infusion has been demonstrated in rats [47] . This has been referred to as ␤ -cell mass plasticity.
Procedures to evaluate systemic IR or ␤ -cell function include the euglycemic, hyperinsulinemic clamp or the hyperglycemic clamp, and have been used extensively. It is reasonable to speculate that patients with baseline hyperinsulinemia are exposed to a larger total amount of insulin than controls when subjected to this test, especially when the insulin dose given is not based on lean weight. The measurements and correction of glucose levels in the clamp are performed every 5-10 min. Since physiological drops and rises in blood glucose occur spontaneously, and these changes can present in a shorter time frame than those in the clamp procedure [9, 18] , there is a possibility that the clamp methodology is insensitive to detect short-lived blood glucose drops. The regulatory mechanisms in hypoglycemia are triggered more by changes in glucose than the specific glucose level. Therefore, adaptive mechanisms can be elicited at glucose levels that could be perceived within an acceptable range by the researchers. Furthermore, the test itself could promote resistance to insulin action by causing drops in blood glucose levels that are immediately compensated by increases in NEFA which promotes IR.
NEFA Cause Direct Tissue Damage Including Myocardial and Kidney Disease
NEFA are known to contribute to lipid accumulation in several non-adipose tissues, including cardiac and kidney tissue, a phenomenon referred to as lipotoxicity. In the heart, myocardial lipotoxicity has been described in association with metabolic cardiomyopathy [49] . Additionally, increased circulating NEFA have been shown to have a pro-arrhythmic effect [50] and to be an independent risk factor for sudden death in middle-aged men free of known cardiovascular disease [51] .
There is an established relationship between obesity, IR and albuminuria and kidney disease [52] . NEFA are bound to albumin and are normally filtered through the glomerular filtration barrier and then reabsorbed by the proximal tubules. In the presence of proteinuria, NEFA overload and deposition may occur at the level of the proximal tubule cell. This deposition of free fatty acids (NEFA) induces inflammation and apoptosis causing podocyte and proximal tubular damage [53] . Liver-type fatty acid binding protein (L-FABP) is a cytoplasmic protein that belongs to a group of molecules that participate in intracellular fatty acid metabolism. In the presence of NEFA overload, there is an up-regulation of L-FABP in proximal tubules, and this apparently represents a protective mechanism to reduce tubular damage [54] . Urinary excretion of L-FABP has been found to be correlated with the severity and progression of diabetic kidney disease [54] .
Compared to other forms of primary kidney disease, there are higher levels of urinary NEFA in patients with diabetic kidney disease. In this regard, the degree of urinary secretion of NEFA is strongly correlated with the degree of tubulointerstitial damage. The levels of urinary L-FABP were also significantly higher in those with diabetic kidney disease. These results indicate that diabetic patients may be exposed to NEFA overload in the proximal tubules, and this overload contributes to diabetic renal disease [54] . Further research is necessary, in particular on the reason for tubular NEFA overload in diabetic patients and whether this is related to repeated episodes of hypoglycemia.
Conclusions
Inordinate decreases in blood glucose levels appear to be more common in patients at risk for IR. Hypoglycemia may, in turn, promote elevations in NEFA, TG, and LDL levels, decreases in HDL levels, as well as other related biochemical and mitochondrial abnormalities in insulin-sensitive tissue, including the heart and kidney. While these abnormalities have been attributed to a primary resistance to insulin metabolic actions, the possibility that hypoglycemia is a primary instigator of these changes has not been adequately explored. IR has been described in conditions not related to obesity or diabetes, such as starvation, malnutrition, chronic renal failure or lipodystrophies, where insulin levels may be normal or low. Again, repeated episodes of hypoglycemia could explain the presence of IR and lipid abnormalities found in these conditions. Counteracting the metabolic actions of insulin could be part of a physiological survival mechanism during hypoglycemia. The elevations in NEFA during acute hypoglycemia could provide an immediate source of energy supply for most tissues, including the myocardium, that over time are detrimental to not only the heart but the kidney as well. It is likely that the occurrence of significant nocturnal drops in glucose in obese patients with elevated insulin levels at baseline contribute to their lipid abnormalities and worsening IR. Additional preclinical and clinical research regarding hypoglycemia in the development of lipid abnormalities in IR, as well as the link between elements of cardiorenal disease, is needed.
